Introduction 57
Genetically-encoded voltage sensors hold great promise in the investigation of 58 circuit activity of targeted populations of neurons. With this approach one can isolate the 59 activity of neurons within complex networks defined on the basis of gene expression 60 ( 
Hybrid voltage sensors (hVOS) harness a FRET interaction between a 72
genetically-encoded, membrane-tethered fluorescent protein and a lipophilic anion, 73 dipicrylamine (DPA). Voltage sensitivity arises from changes in the distance between 74 these two molecules (Fig. 1A) (Chanda et al. 2005) . With the best probes, hVOS can 75
give rise to a F/F/100 mV of ~25% (Wang et al. 2010 ). Because DPA crosses the8 124
Slice preparation 125
Animals were anesthetized by inhalation of isoflurane and decapitated using a 126 guillotine. The brains were quickly removed and placed in ice cold cutting solution 127
(composition in mM: 124 NaCl, 3.2 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 CaCl 2 , 6 MgSO 4 , 128 and 10 glucose) bubbled with 5% CO 2 -95% O 2 (carbogen). Brains were mounted on a 129 chilled cutting chamber using superglue, bathed in cold cutting solution, and sliced at 130 300 to 400 m using a vibratome (Leica VT1200S). Coronal slices were made from 131 brains expressing the probe by in-utero electroporation, and horizontal slices were 132 made from transgenic 1.5 mice. Slices were held in normal ACSF (same as cutting 133 solution but with 2.5 mM CaCl 2 and 1.2 mM MgCl 2 ) for 30 minutes. 134
135

Voltage Imaging 136
Slices were incubated in ACSF containing 4 M DPA for at least 40 minutes prior 137 to experiments. Slices were transferred to a recording chamber mounted on the stage of 138 an Olympus BX51 microscope equipped with epifluorescence and IR-DIC. The 139 preparation was continuously perfused with carbogen-bubbled ACSF containing 4 M 140
DPA. An LED (435 nm, Prizmatix) provided fluorescent excitation light. A CCD camera 141 (Hamamatsu) was used to obtain high resolution (640x480) images of regions forused to image hVOS signals at a frame rate of 2 kHz. A sliding mirror was used to direct 144 the light from the preparation between the two cameras. Data was acquired in single 145 trials or as averages of up to 10 trials, as noted in each case. The timing of illumination, 146 stimulation, and acquisition were all controlled by the computer program Neuroplex 147 provided with the CCD-SMQ camera. 148
149
Electrophysiology 150
Patch pipettes were fabricated with a vertical pipette puller (Narishige) and had 151 resistances of 3.5 -5 M when filled with a solution containing 130 mM K-gluconate, 10 152 mM HEPES, 7 mM KCl, 1 mM EGTA, 2 mM Na 2 ATP, and 2 mM MgATP (pH 7.2). For extracellular stimulation glass electrodes were filled with ACSF and 162 positioned with a manual Narishige micromanipulator. Current pulses (0.18 ms, 50-320A) were delivered with a stimulus isolator (World Precision Instruments) triggered by 164 the imaging software (Neuroplex). 165
166
Data Analysis 167
Fluorescence traces represent averages from a region of interest (ROI) selected 168 manually using Neuroplex. All traces were divided by the resting light intensity to give 169 F/F, and low-pass filtered at 400 Hz to reduce noise. 
Results
hVOS recording from single cells and multiple cells 179
In utero electroporation with hVOS 1.5-encoding DNA in e14-e15 mouse 180 embryos induced probe expression in layer 2/3 neurons in the somatosensory cortex 181 (Fig. 1B) with in utero electroporation we found optimal single-cell labeling in 1-3 week old 201 animals, we turned to younger 1-2 week old transgenic thy-1-hVOS 1.5 mice, and 202 observed distinct labeled neurons in the pyramidal cell layers of the CA1 and CA3 203 regions of the hippocampus, as well as in the entorhinal cortex ( Fig. 2A) . (Fig. 2A also  204 shows denser labeling in the dentate gyrus in a pattern reported and discussed 205 previously (Wang et al. 2012) ). (Fig. 4E) . 264
We also observed sharp thresholds in the CA3 region of hippocampal slices from 265 hVOS 1.5 transgenic mice. In a slice with 4 labeled pyramidal cells in view (Fig. 5A) , 266 stimulating the mossy fibers outside the field of view evoked responses that varied 267 dramatically depending on the stimulus current ( driving force with our pipette solution, or a reduction in spike amplitude due to current 289 loading by the patch clamp amplifier in current-clamp mode (Magistretti et al. 1996) . 290
291
Dendritic integration 292
Imaging with synthetic voltage sensitive dyes in single cells can reveal voltage 293 changes in dendrites, and this approach provides a powerful method for exploring 294 synaptic integration (Antic and Zecevic 1995; Popovic et al. 2012 ). In probe-labeled 295 neurons we were often able to see extensive dendritic arbors and follow the spread of 296 voltage changes through different compartments. Fig. 6A presents an RLI image of a 297 neuron in the somatosensory cortex with one ROI containing the cell body and one RLI 298 containing a segment of dendrite. One pulse from a stimulating electrode elicited a train 299 of 8 events that continued for several hundred ms (Fig. 6B) . Thus, this single trial 300 revealed a succession of responses to a single stimulus, similar to that in Fig. 1, but  301 also revealing the timing of the voltage changes in distinct cellular compartments. This 302 example showed many more events than Fig. 1 . Again, we cannot distinguish between 303 intrinsic repetitive firing or circuit activity. For each event, the fluorescence changeinitiated in the cell body and propagated to the dendritic ROI 70 m away with a delay of 305 1.5 ms (Fig. 6C) . The dendritic depolarization was somewhat slower than the somatic 306 depolarization. 307 Fig. 6D shows an RLI image of another somatosensory cortical neuron with an 308 extensive dendritic arbor; an enhanced color image highlights the morphology of this 309 neuron more clearly (Fig. 6E) . (Fig. 6F) . Spatiotemporal maps were constructed with 313 distance along the branch as the x-axis and time as the y-axis (Fig. 6G) . The downward 314 movement in these plots toward the right reflects the spread of the voltage change 315 along each dendrite, and the slopes indicate the speed of this spread. The greater 316 downward slopes in maps 4 and 7 indicate slower spread in these processes compared 317 to 1, 2, 3, 5, and 6. Voltage changes in the secondary dendritic branches (map 7) were 318 weaker and delayed. 319
The neuron shown in Figs. 6D-6E depolarized first in the soma and then in the 320 dendrites, suggesting that our stimulation activated this cell antidromically. We saw the 321 opposite sequence in another example shown in Fig. 7 . The action potential was 322 triggered in the dendritic compartment labeled d3 (light blue outline in Fig. 7B and light  323 blue trace in Fig. 7C ). The hVOS signal from that compartment indicated that voltage 324 rose sharply to a much higher level, and this peak preceded the peaks in the otherdendrites and soma. Other compartments exhibited two component responses, an early 326 synaptic potential and a later surge of variable amplitude that reflected the spread of the 327 spike originating in compartment d3. The response in the soma peaked over a ms after 328 the peak in compartment d3, and the peak in d2 followed the peak in d3 by 2-3 ms, 329
indicating back propagation of the spike initiated in d3. Thus, hVOS tracks the onset of 330 a synaptically triggered spike in d3, and sequential propagation to the soma and other 331 dendritic branches. 332
333
Circuit responses to extracellular stimulation 334
In fields of view with multiple neurons, the activation sequence can provide 335 insight into circuit relations. Slices from the entorhinal cortex from a 2-week-old thy-1 336 hVOS 1.5 transgenic mouse contained many neurons expressing probe. In one field of 337 view, we noted four labeled neurons by arrowheads in an RLI image (Fig. 8A -left) , and 338 a high-resolution fluorescence image (Fig. 8A -right) . Five-trial averages from each ROI 339 revealed a sequence of activation of these neurons (Fig. 8B) . Fig. 8C summarizes this  340 sequence of activation. Stimulation was applied in the lower left corner (Fig. 8Ci) , and 341 depolarized the red-and orange-labeled neurons almost simultaneously (Fig. 8Cii) . The 342 response of the blue-and green-labeled neurons followed with a delay of ~1.5 ms. The 343 blue labeled neuron spiked rapidly (Fig. 8Ciii) . A simultaneous depolarization of the 344 green-labeled neuron was followed by a spike after a ~2.5 ms delay (Fig. 8Civ) . The present study has demonstrated that hVOS 1.5 performs effectively in 359 voltage imaging in intact brain slices, generating robust signals from individual neurons 360 and tracking action potentials with high temporal fidelity. Action potentials produced 361 mean F/F signals ranging from 2.54% in patch clamped neurons of the entorhinal 362 cortex to 3.47% in synaptically activated neurons of the somatosensory cortex ( Table  363 1). These responses could be clearly resolved in single trials. The SNR of an action 364 potential is an important benchmark in voltage probe performance. In slices from cortex 365 and hippocampus, hVOS 1.5 reported action potentials with mean SNRs ranging from 366 9.16 to 16.0 (Table 1) . These values are significantly higher than recent estimates for 367 the cell body and dendrites. We could distinguish between action potential initiation inthe soma versus dendrites, and in other cases identify the dendritic compartment where 401 a spike initiated (Fig. 7) . The resolution of hVOS signals from subcellular compartments 402 should motivate the development of probes that target expression to the soma, dendritic 403 branches, dendritic spines, and other specialized regions. In this regard, it is promising 404 that the probe hVOS 2.0 preferentially targets axons (Wang et al. 2010 
proteins. The nervous system is thought to encode information in patterns of active 410 neurons, and to recall information by enabling an appropriate retrieval signal to 411 reactivate these patterns. At the population level, long-term potentiation can serve as an 412 encoding mechanism in the storage and recall of patterns of activity (Jackson 2013) . 
